DW. Hemodynamic responses to small muscle mass exercise in heart failure patients with reduced ejection fraction.
HEART FAILURE WITH REDUCED ejection fraction (HFrEF) is associated with debilitating dyspnea and fatigue triggered by exercise, leading to a limited ability to perform everyday tasks and an impaired quality of life (53) . Although central cardiac limitations are the paramount characteristic of HFrEF, impaired cardiac function does not fully explain the degree of exercise intolerance and symptom status in this patient population (8, 22, 35, 54, 61) . This has steered studies focusing on exercise limitations in HFrEF toward potentially limiting factors in the periphery, with particular emphasis on disease-related changes in the regulation of skeletal muscle blood flow. Initial studies examining the hyperemic response to exercise in the skeletal muscle vasculature of HFrEF patients and healthy individuals utilized cycle ergometry, a large muscle mass exercise paradigm, which results in the recruitment of the vast majority of lower limb muscle. These studies observed a marked reduction in blood flow, associated with an attenuation in leg vascular conductance, in HFrEF patients during exercise compared with their healthy counterparts (53, 63, (65) (66) (67) (68) . However, because of the cardiac limitations associated with HFrEF, the engagement of such a large muscle mass during exercise may have outstripped cardiac pumping capacity (31) , likely contributing to the observed attenuation in leg blood flow and vascular conductance in this patient population.
These initial studies utilizing cycle ergometry led to the recognition that skeletal muscle hyperemic and vasodilatory capacity in HFrEF might be better studied by utilizing an exercise paradigm employing a smaller muscle mass, to control for cardiac limitations. In an animal model of heart failure, this was accomplished by utilizing an in situ spinotrapezius muscle preparation and investigating capillary red blood cell flux, which is indicative of capillary blood flow, during electrically elicited muscle contractions (47) . Results from this study convincingly displayed an attenuation in capillary red blood cell flux in HF animals compared with control animals. In human HF, the two most widely incorporated exercise modalities to study the peripheral hemodynamic responses to exercise while controlling for confounding cardiac limitations are static-intermittent handgrip (HG) and dynamic single-leg kneeextensor (KE) exercise. Despite the implementation of these exercise modalities in a small number of studies, results have not definitively determined the extent of peripheral hemodynamic limitations in this cohort. Indeed, studies using staticintermittent HG exercise have documented both similar (51) and blunted (23, 70) hyperemic responses, linked to impairments in vasodilation, in HFrEF patients compared with healthy individuals, differences likely attributable to the variations in rhythmicity, duration, and intensity of the exercise performed. Using the dynamic single-leg KE exercise model, Esposito et al. (15) identified an attenuated hyperemia during maximal effort in HFrEF patients, a response that was likely due to the significantly lower maximal KE work rate in the patient group compared with healthy individuals. In one of the only studies to use KE exercise at submaximal work rates in HFrEF patients, Magnusson et al. (31) reported similar increases in leg blood flow and vascular conductance between HFrEF and healthy individuals, suggesting that impaired peripheral hemodynamics may not contribute to the exercise intolerance in this cohort. Thus, significant controversy remains regarding the HFrEF-associated alteration of peripheral hemodynamics during exercise modalities that minimally challenge central hemodynamics.
It is noteworthy that significant advances in pharmacotherapy have been made since these previous small muscle mass exercise studies were performed (20, 21, 28, 56) . Indeed, the average HFrEF patient now receives a pharmacological regimen that includes an average of 10 medications, with ␤-blockers and a host of peripheral vasodilators now included as a standard of care (46) . Thus, while exercise intolerance remains a key clinical presentation in HFrEF, uncertainty exists regarding the possible role of impaired peripheral hemodynamics in patients who are optimally medicated in this "modern era" of differentiated drug treatment.
Consequently, we sought to systematically examine peripheral responses to small muscle mass exercise in optimally medicated HFrEF patients. To comprehensively assess the hemodynamic response to small muscle mass exercise in HFrEF patients and healthy age-matched control subjects, we utilized both upper and lower limb exercise paradigms across a wide range of intensities. We hypothesized that compared with healthy controls, HFrEF patients would exhibit an attenuated hyperemic response driven by an impaired vasodilatory capacity during both static-intermittent HG and single-leg KE exercise.
METHODS

Subjects
A total of 25 New York Heart Association class II-III HFrEF patients (24 males and 1 female) and 17 healthy, age-matched controls (16 males and 1 female) were recruited to partake in this study either by word of mouth or in the HF clinics at the University of Utah and the Salt Lake City VA Medical Center. All age-matched control subjects were nonsmokers, normally active, not taking any prescription medication, and were free of overt cardiovascular disease, as indicated by a health history questionnaire. Protocol approval and written informed consent were obtained according to University of Utah and Salt Lake City Veterans Affairs Medical Center Institutional Review Board requirements. All data collection took place at the Utah Vascular Research Laboratory located at the Veterans Affairs Salt Lake City Geriatric, Research, Education, and Clinical Center. All studies were performed in a thermoneutral environment, with subjects reporting to the laboratory fasted, and not having performed any exercise within 24 h of the study. Subjects reported to the laboratory on a preliminary day to complete health histories and physical examinations and perform a graded single-leg, knee-extensor test to determine maximal work rate.
Handgrip Exercise
Hemodynamic responses to static-intermittent HG exercise were assessed in 15 control subjects and 23 patients. Subjects rested in the supine position for Ϸ20 min prior to the start of data collection with the right arm abducted at 90°. The elbow joint was extended at heart level to allow subjects to perform HG exercise. First, maximal voluntary contraction (MVC) was established by taking the highest value recorded of three maximal contractions using a handgrip dynamometer (Biopac Systems, Goleta, CA). Static-intermittent HG exercise was performed at three workloads based on each subject's respective MVC (15, 30 , and 45% of MVC). Each exercise level was performed for 3 min to ensure the attainment of steady-state hemodynamics. The subjects squeezed the dynamometer to the sound of a metronome at a rate of 1 Hz, and real-time force output was displayed to provide visual feedback to the subjects. A 5-min recovery period was given between each exercise bout.
Single-Leg Knee-Extensor Exercise
Hemodynamic responses to dynamic single-leg KE exercise were assessed in 16 controls and 16 patients. The KE paradigm implemented in this study has been described in detail previously (3, 7, 27, 46) . Briefly, subjects were seated in a semirecumbent position on an adjustable chair with a cycle ergometer (model 828E; Monark Exercise AB, Vansbro, Sweden) positioned behind them. Resistance was created by applying friction to the flywheel, which was turned by the subject via a metal bar connecting the crank arm of the ergometer to a metal boot in which the subject's foot was placed. Subjects exercised for 3 min at four work rates (0, 5, 10, and 15 W), while maintaining 60 contractions/min. A 5-min recovery period was given between each exercise bout.
Measurements
Ultrasound Doppler assessments. Measurements of brachial and common femoral artery blood velocity and vessel diameter were performed using a Logiq 7 ultrasound Doppler system (GE Medical Systems, Milwaukee, WI) operating in duplex mode. The Logiq 7 is equipped with a linear array transducer operating at a Doppler frequency of 5 MHz in high-pulsed repetition frequency mode (2-25 kHz). All blood velocity measurements were obtained with the probe appropriately positioned to maintain an insonation angle of 60°or less. The sample volume was maximized according to vessel size and centered within the vessel based on real-time ultrasound visualization. Mean velocity values (angle-corrected, and intensity weighted area under the curve) were automatically calculated using commercially available software (Logiq 7). Vessel diameter was obtained during end diastole (corresponding to an R wave documented by the simultaneous ECG signal; Logiq 7) using the same transducer at an imaging frequency ranging from 9 to 14 MHz. The brachial artery of the right arm was insonated approximately midway between the antecubital and axillary regions, medial to the biceps brachii muscle, while the common femoral artery was insonated 2-3 cm proximal to the bifurcation of the common femoral artery into the superficial and deep branches. Vessel diameter was determined at a perpendicular angle along the central axis of the scanned area. Analysis of brachial artery diameter was performed using off-line automatic edge-detection brachial analyzer software (Medical Imaging Applications, LLC, Coralville, IA), which is described in detail elsewhere (40) . Ultrasound Doppler measurements were performed continuously, with the last 60 s of each exercise intensity used for the determination of limb blood flow. Using arterial diameter and Vmean, forearm and leg blood flow were calculated: limb blood flow (ml/min) ϭ (V mean ϫ (arterial diameter/ 2) 2 ϫ 60). Hemodynamic variables. Stroke volume (SV), arterial blood pressure (ABP), and heart rate (HR) were determined noninvasively. SV was calculated using the Modelflow method, which includes age, sex, height, and weight in its algorithm (Beatscope version 1.1; Finapres Medical Systems BV, Amsterdam, The Netherlands) (9) and has been documented to accurately track SV during a variety of experimental protocols, including exercise (13, 14, 52) . ABP was measured continuously via photoplethysmography (Finometer, Finapres Medical Systems BV, Amsterdam, The Netherlands), and mean arterial pressure (MAP) was calculated as MAP (mmHg) ϭ diastolic arterial pressure ϩ (pulse pressure ϫ 0.33). Heart rate was monitored from a standard three-lead electrocardiogram recorded in duplicate on the data acquisition system (Biopac, Goleta, CA) and the Logiq 7. Cardiac output (CO) was calculated as CO (l/min) ϭ SV ϫ HR. Systemic vascular conductance (SVC) was calculated as SVC (ml·min 
Statistical Analyses
Statistics were performed using commercially available software (SigmaStat 3.10; Systat Software, Point Richmond, CA). For HG exercise, 2 ϫ 4 repeated-measures ANOVA (␣ Ͻ 0.05) (group, two levels: age-matched controls vs. HFrEF) (workload, 4 levels: rest, 15, 30, and 45% of MVC) were performed to determine the hemodynamic responses in age-matched controls and HFrEF during exercise of increasing intensity. For KE, 2 ϫ 5 repeated-measures ANOVA (␣ Ͻ 0.05) (group, 2 levels: age-matched controls vs. HFrEF) (work rate, 5 levels: rest, 0, 5, 10, 15 W) were utilized to determine the hemodynamic responses in age-matched controls and HFrEF during exercise of increasing intensity. The Holm-Sidak method was used for alpha adjustment and post hoc analysis. A Person Product Moment Correlation (␣ Ͻ 0.05) was performed to evaluate the association between leg blood flow at 15 W and maximum KE work rate. All group data are expressed as means Ϯ SE.
RESULTS
Subject Characteristics
Baseline characteristics of the control subjects and HFrEF patients are displayed in Table 1 . Disease-specific characteristics and medications of patients with HFrEF are presented in Table 2 .
Handgrip Exercise
During baseline, prior to HG exercise, there were no significant differences in resting MAP, forearm blood flow, forearm vascular conductance, brachial artery diameter, or CO between groups ( Fig. 1 and Table 3 ). However, resting HR was significantly higher and SV was significantly lower in HFrEF patients compared with controls (Table 3) .
In both groups, MAP and HR increased from resting values in an exercise intensity-dependent manner, with no difference between groups ( Fig. 1 and Table 3 ). CO increased from rest at all exercise intensities in the control group, but remained unchanged in the HFrEF patients (Table 3 ). This significant difference in the CO response in HFrEF patients appears to be the result of a tendency for decreased SV across workloads, although this reduction did not reach statistical significance (Table 3) . During HG exercise, SVC decreased and SVR increased in HFrEF patients, but remained unchanged in the control group (Table 3) .
At the lowest intensity (15% MVC), forearm blood flow and vascular conductance increased to a similar degree between groups; however, at the higher workloads (30 and 45% MVC), HFrEF patients exhibited significantly lower forearm blood flow (30 and 45% MVC) and vascular con- HFrEF, heart failure with reduced ejection fraction; NYHA, New York Heart Association; ACE, angiotensin-converting enzyme.
ductance (45% MVC) compared with controls ( Fig. 1 and Table 3 ).
Single-Leg Knee-Extensor Exercise
During the baseline period prior to KE exercise, there were no significant differences in any indices of central or peripheral hemodynamics between groups ( Fig. 2 and Table 4 ). In both groups, MAP and CO increased from resting values in an exercise intensity-dependent manner, with no differences between groups (Fig. 2 and Table 4 ). HR also increased in an intensity-dependent manner, with a significantly elevated HR in HFrEF patients compared with controls (5, 10, and 15 W) (Table 4) . SV, SVC, and SVR remained unchanged in both groups across all KE exercise intensities (Table 4) . In contrast to HG exercise, both leg blood flow and leg vascular conductance were markedly reduced at all exercise intensities in HFrEF patients compared with controls ( Fig. 2 and Table 4) , with the greatest reduction (25-35%) present at the highest exercise intensity (15 W). Additionally, there was a strong positive association, between, leg blood flow at 15 W and the maximum KE work rate in HFrEF, which was not apparent in the control group (Fig. 3) .
DISCUSSION
This study sought to comprehensively evaluate the hemodynamic responses induced by limb-specific, small muscle mass exercise across a wide range of exercise intensities in HFrEF patients and healthy, age-matched controls. During HG exercise, a divergent hemodynamic response was observed across HG intensities in the HFrEF group. Specifically, both groups exhibited a similar forearm hyperemic and vasodilatory response during lower-intensity (15% MVC) HG exercise, but HFrEF patients exhibited a 15-25% attenuation in forearm blood flow at higher intensities (30 and 45% MVC), due to an impaired vasodilatory capacity. During KE exercise, HFrEF patients exhibited a 20 -35% lower leg blood flow and vascular conductance during KE exercise compared with control subjects, with the most substantial decrements at the highest exercise intensity (15 W). Together, these findings indicate that HFrEF patients on modern, optimized pharmacotherapy exhibit a severely compromised ability to vasodilate vasculature of both the upper and lower limbs, thus restricting perfusion of the exercising skeletal muscle and likely limiting exercise capacity in this patient group. 
Regulation of Skeletal Muscle Blood Flow During Exercise in HFrEF
A hallmark symptom of patients with HFrEF is an impaired exercise tolerance and an associated reduction in maximal exercise capacity (17, 41, 61, 64) . Interestingly, the degree of left ventricular systolic dysfunction does not fully explain the degree of exercise intolerance or symptom status in this patient group (8, 22, 35, 54, 61) , supporting the possibility that peripheral hemodynamic dysfunction may contribute to exercise intolerance. Evidence from previous studies (63, (65) (66) (67) (68) indicates a functional role for impaired peripheral hemodynamics in limiting exercise capacity in this cohort during peak cycling exercise, where an apparent reduction in leg vascular conductance was observed in patients with HFrEF compared with healthy individuals, contributing to the documented impairment in perfusion. However, the use of a large muscle mass exercise paradigm presents limitations in distinguishing abnormalities in peripheral hemodynamics in HFrEF. During exercise that recruits a large fraction of total body muscle mass, central circulatory factors play an increasingly important role in the preservation of MAP (42, 48, 50) . Because of an impaired left ventricular function during whole body exercise, patients with HFrEF largely depend on systemic vasoconstriction (i.e., reductions in SVC) to maintain MAP (53) . This may indicate that the markedly lower leg vascular conductance and associated decrement in perfusion of the exercising skeletal muscle during cycling exercise might solely be due to the maintenance of MAP vs. limitations in vasodilatory capacity in this patient group (53, 68) .
To investigate how altering the total amount of muscle recruited during exercise might affect the peripheral hemodynamic responses to exercise in this patient group, LeJemtel et al. (29) examined the differences in leg blood flow during maximal single-and double-legged upright cycling in HFrEF patients and healthy control subjects. Interestingly, they observed similar leg blood flow values in the HFrEF patients during both single-and double-legged exercise modalities, which they attributed to an impaired vasodilator response in the patient group (29) . These results were indirectly supported by Jondeau et al. (24) , who utilized maximal arm cycling exercise superimposed on maximal leg cycling to examine the impact of HF on cardiopulmonary reserve. In this study, the addition of arm exercise while cycling provoked an increase in peak oxygen (O 2 ) consumption in severe HF patients, but not in healthy controls, which was interpreted as evidence for an inadequate vasodilator response to exercise resulting in impaired O 2 delivery, as the arterial-venous O 2 difference is near maximal in HFrEF during maximal leg cycling (26) .
While these novel studies were some of the first to investigate the hemodynamic response to exercise, which recruited differing amounts of muscle mass, during all combinations of arm and leg cycling, it is likely that some degree of cardiac limitation still confound these results. This is even the case during maximum single-legged cycling; Martin et al. (32) has documented that the CO achieved in HFrEF patients is similar compared to CO values during maximum double-legged cycling in this patient group. Thus, in the present study, we used two limb-specific small muscle mass exercise modalities (static- HFrEF, heart failure with reduced ejection fraction. Data are expressed as means Ϯ SE. *Significant difference from control, P Ͻ 0.05. †Significant difference from rest, P Ͻ 0.05.
Single Leg Knee-Extensor Maximum (Watts) intermittent HG and dynamic single-leg KE exercise) across a range of submaximal exercise intensities to more thoroughly investigate the peripheral hemodynamic response to exercise in HFrEF in isolation of the significant confounding effects of CO limitations and MAP regulation imposed by large muscle mass exercise.
Hemodynamic Responses to Handgrip Exercise
Because of the accessibility and limited cardiorespiratory stress associated with this modality, handgrip exercise has been used in a number of studies over the past several decades to investigate the peripheral hemodynamic response in HFrEF patients. Indeed, Zelis et al. (70) investigated the peripheral blood flow response to graded static-intermittent handgrip exercise in HFrEF patients compared with control subjects in the early 1970s and documented an impaired exercise hyperemia in this patient group. However, it is noteworthy that this study used venous plethysmography to measure blood flow during the 10-s relaxation phase between 5-s isometric contractions, an approach that precludes assessment of the phasic pattern of blood flow associated with rhythmic handgrip exercise. Thus, while this seminal work was among the first to examine disease-related changes in regional blood flow during small muscle mass exercise, the inherent limitations associated with plethysmographic determination of blood flow (30, 70) during low-cadence isometric handgrip exercise left some uncertainty regarding the true nature of the hyperemic response in this patient group.
In the current study, we used Doppler ultrasound to measure blood flow continuously during 1-Hz static-intermittent handgrip of graded intensity in HFrEF patients and age-matched controls. Interestingly, the HFrEF patients exhibited a divergent hyperemic and vasodilatory response to static-intermittent HG exercise. Specifically, we observed comparable changes in forearm blood flow and vascular conductance during lowintensity (15% MVC) exercise between HFrEF patients, and healthy controls, and a divergence at higher intensities, with HFrEF patients exhibiting an impaired ability to alter vasomotor tone and, therefore, increase blood flow ( Fig. 1 and Table  3 ). Using a similar HG exercise model and a single, lowintensity workload (4.4 kg, Ϸ15% MVC), Shoemaker et al. (51) reported a similar hemodynamic response in HFrEF patients and controls, suggesting a preserved vasomotor regulation and hyperemic response in HFrEF patients when performing HG exercise. However, when viewed in the context of the current findings, across a wide range of exercise intensities (Fig. 1) , this former study did not characterize the full scope of the hemodynamic and vasodilatory response in HFrEF. Thus, using beat-to-beat measurements, a dynamic (1 Hz) exercise cadence, and a wide range of exercise intensities, the present study both confirms and extends these previous findings, unmasking a marked impairment in forearm blood flow that may be attributed to a limited limb-specific vasodilatory capacity in the exercising skeletal muscle vasculature of HFrEF patients.
This reduction in forearm blood flow and vascular conductance in HFrEF patients was accompanied by a clear lack of an increase in CO across increasing intensities of exercise in this patient group (Table 3) , which is in contrast to the robust (Ϸ1 l/min; Table 3 ) increase observed in the age-matched control group at the highest exercise intensity. While the mechanisms responsible for this physiological adjustment to static-intermittent HG in HFrEF are unknown, a potential explanation for the absence of an exercise-induced increase in CO is the substantial reduction in SVC exhibited in this patient group (Table 3) . Indeed, SVR (the inverse of SVC) is commonly used as a measurement of nonpulsatile arterial load on the left ventricle (36, 38, 60) , and it is well established that patients with HFrEF are afterload-sensitive (6, 25, 49) and face impairments in left ventricular systolic function if arterial afterload is increased (25) . However, it is possible that the unique cardiovascular adjustments associated with HG exercise in HFrEF might not elicit a sufficient stimulus to induce an increase in CO, thus requiring a reduction SVC to increase MAP in this patient group. Thus, it is tempting to speculate that during HG exercise, impaired blood flow within the exercising muscle vasculature may have indirectly limited the appropriate exerciseinduced increase in CO in HFrEF patients. The "real world" implications of this response are not trivial; indeed, the cardiovascular adjustments observed with this HG exercise modality may also be present during tasks of daily living that utilize the upper limbs, such as carrying groceries. Thus, the observed impairment in vasodilation and the accompanying absence of central responses may be viewed as representing a previously unexplored aspect of exercise intolerance that could contribute to the diminished quality of life in this patient group.
Hemodynamic Responses to Knee-Extensor Exercise
While these data during HG exercise demonstrate a clear impairment in forearm hemodynamics, exercise intolerance in HFrEF patients has classically been documented during tasks primarily involving locomotion (17, 41, 61, 64) , and, thus, further investigating the hemodynamic responses to physical exertion in the skeletal muscle vasculature of the legs is also warranted. During single-leg KE exercise, HFrEF patients exhibited a persistent impairment in the ability to overcome the tonic vasomotor restraint of the lower-limb vasculature across increasing exercise intensities (Table 4) , thus limiting perfusion of the exercising limb (Fig. 2) . These results are in contrast to Magnusson et al. (31) , one of the only other studies to examine changes leg blood flow during submaximal KE exercise in this patient group. In this previous study, similar increases in leg blood flow and vascular conductance were observed across graded exercise intensities in HFrEF patients compared with controls. Although the reasons for this discrepancy between this former study and the present findings are not immediately obvious, one likely explanation is the evolution of pharmacotherapy associated with the treatment of HFrEF. Indeed, while a host of new drug classes have been developed and proven efficacious in the treatment of HFrEF since this previous study was undertaken, one noteworthy change in pharmacological standard of care for these patients over the past two decades is a reduction in the prevalence of positive inotropes. Indeed, the vast majority of patients in the aforementioned study were prescribed digoxin, a drug that has been documented to attenuate sympathetic nervous system activity (59), reduce circulating norepinephrine (2, 18, 55), and increase peripheral artery vasodilation (33) in HFrEF patients. This supports the concept that the higher exercising leg blood flow documented by Magnusson et al. (31) might be due to a digoxin-induced release of sympathetic restraint on peripheral vascular tone.
Additionally, there was a strong association between leg blood flow at a given absolute work rate (15 W) and the maximum KE work rate achieved in HFrEF patients, which was not present in the control group (Fig. 3) . This is a unique finding, as blood flow is traditionally thought to match the metabolic demand of a given amount of work performed (45) . Indeed, the current study (Fig. 3) and previous work (4) have documented similar leg blood flow values during KE exercise of a given absolute work rate in healthy individuals with varying maximal knee-extensor work rates. This HFrEFspecific relationship suggests that the more severe the impairment in exercise hyperemia, the more substantial the decrements in these patients' respective capacity to perform work.
In contrast to HG exercise, the exercise-induced changes in CO during KE exercise in the present study were remarkably similar between groups (Table 4 ), a differing response that is potentially attributed to a preserved SVC during KE exercise in HrEF (Table 4 ). This comparable central response serves to highlight the advantage of the KE exercise model, a small muscle mass modality that is capable of eliciting large, concomitant linear increases in skeletal muscle blood flow and CO without potential confounding factors, limiting the intensitydependent increase in CO capacity performed at submaximal intensities. Indeed, at the highest exercise intensity (15 W), almost identical CO values were observed in HFrEF and control groups, while leg blood flow was Ϸ35% lower in the patient group. Together, these central and peripheral responses provide new evidence for a persistent restraint of skeletal muscle blood flow during leg exercise in optimally medicated HFrEF patients that cannot be explained by disease-related impairments in CO, implicating the lower limb peripheral vasculature as a significant contributor to the limited exercise capacity displayed by optimally medicated patients with HFrEF.
Perspectives
It is important to acknowledge that O 2 transport during exercise is a multifaceted process, which includes both the bulk delivery of O 2 to the exercising muscle (i.e., convective O 2 transport) via increases in arterial blood flow, as well as the local O 2 distribution to the exercising skeletal muscle via the unloading of O 2 from hemoglobin to the skeletal muscle mitochondria (i.e., diffusional O 2 conductance) (43, 44, 57, 58) . Although the present study convincingly demonstrates an attenuated blood flow response during graded exercise in HFrEF patients, likely contributing to an impairment in convective O 2 transport, deficiencies in diffusional conductance might be contributing to a systemic impairment in O 2 transport in patients with HFrEF during exercise as well. Indeed, Esposito et al. (15) demonstrated an attenuated diffusional O 2 conductance in HFrEF patients compared with control subjects during maximal KE exercise, although this response may have been attributable to the significantly lower maximal KE work rate in the patient group. Further studies are certainly warranted to investigate whether the impairments in diffusion conductance present in HFrEF during maximal exercise extends to submaximal exercise intensities.
It is widely accepted that one of the goals of pharmacotherapy for patients with HFrEF has been to relieve symptoms, many of which are associated with physical exertion and exercise intolerance (5, 10) . While the early historical progression of the optimization of pharmacological therapy in HFrEF largely focused on improving left ventricular function through the use of positive inotropes (5, 19) , the introduction of vasodilator therapy in the 1980s was a therapeutic milestone (5, 11) . Indeed, the demonstrated beneficial effect of antihypertensive drugs, including nitrate-based medications (i.e., hydralazine) (12) and angiotensin-converting enzyme (ACE) inhibitors (1, 12, 16) on exercise intolerance and exercise-related symptoms has established important pleiotropic properties for these drug classes that are of significant value in the treatment of HFrEF. However, on the basis of the findings from the current study, the combined effect of vasodilators currently available and widely prescribed in HFrEF (i.e., ACE inhibitors, aldosterone receptor antagonists, angiotensin receptor blockers, and vasodilating ␤-adrenergic antagonists such as carvedilol) might not be sufficient to restore peripheral vasodilation during exercise.
Experimental Considerations
Several limitations to the present study are worth noting. While skeletal muscle vasodilation contributes significantly to the overall regulation of exercise hyperemia, we recognize that decrements in vasodilatory capacity are not the sole factor responsible for the observed impairment in blood flow during exercise in HFrEF. Indeed, disease-related changes in vascular architecture, including capillary rarefaction (37, 62, 69) and impairments in vascular flow capacity (34) , may contribute to reduced limb blood flow independent of disease-related alterations in vascular control. We also recognize that the observed reduction in leg blood flow in HFrEF patients in the face of similar CO values between groups raises the question of whether blood flow distribution may be disturbed in the HFrEF cohort. Although the current study cannot answer this question, we acknowledge the possibility that increased blood flow to respiratory muscles may be partially responsible for our observed results during exercise in HFrEF. Indeed, during cycling exercise, Olson et al. (39) documented that HFrEF patients preferentially "steal" blood flow from the exercising skeletal muscle to accommodate their enhanced work of breathing. Additionally, in the present study, calculations of both systemic and regional vascular conductance were made using only arterial pressure, rather than the more conventional arterialvenous pressure difference. Thus, we cannot exclude the possibility that potential changes in venous pressure associated with HFrEF may have confounded our findings. However, we have recently reported similar venous pressures during maximal KE exercise in HFrEF and control subjects (15) , an observation that somewhat mitigates this concern. We also acknowledge the lack of a direct assessment of exercise tolerance in the HFrEF group, although the observation that leg blood flow at a given absolute work rate was strongly associated with the maximum KE work rate in HFrEF patients (and not in healthy controls) is a strong indication that impairments in exercise hyperemia contributed to the limited work capacity in the patient group. Finally, on the basis of the differences in which workloads were determined between handgrip and KE exercise, we wish to emphasize that a direct comparison of hemodynamic responses between these two exercise modalities is not possible.
Conclusions
Using a wide range of exercise intensities, we have identified a clear impairment in perfusion of both the upper and lower limbs during small muscle mass exercise in HFrEF patients. These findings indicate that HFrEF patients on modern, optimized pharmacotherapy exhibit a severely compromised peripheral hyperemic response, implicating maladaptations in the peripheral vasculature and its regulation as potential factors contributing to the reduced exercise capacity in this patient group.
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